Introduction
Usage of higher strength steels has been required in the field of transportation equipment and infrastructure from the viewpoint of saving energy and safety. 1) However, high strength steels of more than about 1 200 MPa shows remarkable susceptibility to hydrogen embrittlement, and it is reported that the hydrogen embrittlement occurs even by little amount of hydrogen penetrated to the by atmospheric corrosion. 2) Takai et al. 3) separated the hydrogen in trapping states innocuous to environmental degradation of highstrength steels, and showed that diffusible hydrogen at room temperature causes brittle fracture of high-strength steels. Therefore, it is very important to understand the behavior of the hydrogen penetration and permeation caused by corrosion reaction, in order to further expand the use of high strength steels.
There are some methods such as thermal desorption methods 4) and electrochemical methods 5) using Devanathan-Stachurski type 6) diffusion cell to evaluate the behavior of the hydrogen penetration and permeation. The information of total amount of hydrogen penetrated to metals can be obtained by these methods, however, they are difficult to give the information for distribution of penetration (or permeation) hydrogen. On the other hand, hydrogen microprint method 7, 8) and silver decoration method 9,10) have been
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proposed as the technique to visualize the distribution of hydrogen permeation. These techniques also can be difficult to monitor the hydrogen permeation behavior with time.
The aim of this paper is to investigate the possibility of visualization by surface potential measurement for a change in the behavior of hydrogen permeating through steel materials. Figure 1 shows the schematic diagram of surface potential measurement device (Hirocon Corporation, RM201). The system consists of the surface potential measurement device, X-Y stage and personal computer. The principle of surface potential measurement is similar to that of scanning Kelvin probe used to measure a work function of a substance. The Kelvin probe is a non-contact vibrating capacitor device that measures the potential difference between a conductive vibrating tip and a conductive sample. On the other hand, the device shown in Fig. 1 is generally called electrostatic voltmeter, and the probe of this device does not physically move. The structure of probe is shown in Fig. 2 .
Experimental

Surface Potential Measurement Device
A detective electrode is located inside the probe. When the electrode and the specimen are connected electrically, the condenser is formed between them through a small hole of the probe. The condenser capacitance changes by mechanical chopping of electric field with the shutter located inside the probe. The induced current starts to flow in the circuit, and the surface potential is estimated from the induced current and the standard resistance. The small-hole diameter of the probe is approximately 2 × 10 − 3 m and the potential accuracy of this system is 0.01 V. 11) X-Y stage is used for taking the surface potential distribution. Relationship of the surface potential and the distance between the probe and a specimen was studied on SM490 A of carbon steel as characteristic of this system. The distance was adjusted by changing height of specimen on Z-stage having a micrometer. In addition, the influence of the distance on the difference of surface potential was examined from the surface potential measurement of zinc/carbon steel specimen. The zinc/carbon steel specimen was prepared by etching a part of the electro-galvanized steels in diluted H 2 SO 4 solution.
Surface Potential Measurement for Hydrogen Permeation Behavior
Annealed mild steels of 0.05 × 0.05 m size were used as specimen. The thickness is approximately 0.7 × 10 − 3 m. The both sides of specimen surface were abraded to #800 grit SiC paper, and were degreased with ethanol. The hydrogen entry side was covered with rubber-base paint, leaving exposed small area of about 5 × 10 − 3 m in diameter. The appearance of the surface is shown in Fig. 3 . The detective side of hydrogen permeation is wholly bare mild steels. Figure 4 shows the surface potential measurement sys- tem to detect hydrogen permeation. The detective probe and X-Y-Z stage are installed to acrylic container. The specimen is set on the copper plate attached to the upper surface of the container and is connected electrically to the copper plate with carbon tape. The small exposed area is positioned roughly in the center of the hole. The detective probe fixed to X-Y-Z stage was also set directly beneath the small exposed area. The environment in the container can be controlled by gas injection, but the surface potential measurement in this study was conducted in open-air. Hydrogen penetration on the entry side was accelerated by electrochemical method in 0.1 M NaOH solution. A platinum wire for counter electrode and Hg/HgO reference electrode were used. The surface potential of the back of the small exposed area was monitored during galvanostatic polarization of − 100 A/m 2 . In addition, the surface potential distribution of the detective side was measured after 300 seconds of galvanostatic polarization at − 20 A/m 2 . The measurement conditions are 1 second for waiting time and 10 − 3 m for scan step. During the surface potential measurement, the room temperature was about 298 K and the relative humidity showed less than 25%. Figure 5 shows change in surface potential with distance between the probe and the carbon steel. The surface potential increases with an increase of the distance, which is attributed to the fact that the target area in surface potential measurement expands as the distance increases. Also this result means that accurate adjustment of the distance is needed to track the surface potential of specimen. In reality, however, it is not easy to accurately control the distance in each measurement.
Results and Discussion
Characteristics of Surface Potential Measurement Device
Surface potential of the zinc/carbon steel specimen was measured in various distances between the probe and the zinc/carbon steel specimen. The surface potential profile is shown in Fig. 6 . Difference of surface potential between zinc and carbon steel is about 0.5 V with the initial distance of approximately 500 μm, which is well agreement with their corrosion potential difference. The boundary between zinc and carbon steel is not detected sharply on the surface potential profile. This is attributed to the position resolution of probe, and the position resolution is estimated at 1.0 × 10 − 3 -2.0 × 10 − 3 m from Fig. 6 . In addition, the surface potential difference shows a roughly constant value regardless of the distance.
Thus, since the potential difference of the surface is not affected by the distance at less than 2 mm, the copper plate shown in Fig. 4 was used as reference of surface potential difference to accurately monitor a change in surface potential. Figure 7 shows a change in surface potential of the back of the exposed area. The arrow in the figure indicates the point where the galvanostatic polarization was stopped. The surface potential starts to shift to noble direction after several minutes, and decreases with time before about 5 000 seconds. The detective surface shows a constant potential for about 1 000 seconds after galvanostatic polarization, and the surface potential increases gradually to original potential. The change in surface potential is attributed to the influence of permeation hydrogen by galvanostatic polarization, since no red rust is observed on the surface of hydrogen detective side after surface potential measurement. Diffusion coefficient was calculated from the data shown in Fig. 7 , in order to confirm if the change in surface potential is attributed to hydrogen permeation. Magnified drawing of the initial data in Fig. 7 is shown in Fig. 8 . Constant area of surface potential is observed for about 400 seconds from the start of galvanostatic polarization to the drop of surface potential. This time corresponds to the time till penetrated hydrogen reaches to the backside through the specimen. The diffusion coefficient of hydrogen (D H ) was calculated from the equation 14 where t L is the time lag and L is the specimen thickness. t L was 400 s from Fig. 8 and the obtained diffusion coefficient was approximately 2.0 × 10 − 10 m 2 /s. Kushida et al. 12) reported that the steel materials of 500-2 000 MPa tensile strength have hydrogen diffusion coefficient in the range of 10 − 9 to 10 − 11 m 2 /s. Although there is an influence of the surface polishing on the diffusion coefficient obtained in this study, the value is within this range, indicating that the change in surface potential is attributed to hydrogen permeation. Therefore, it is concluded the surface potential measurement can be a powerful tool to examine the permeation behavior of hydrogen through steel materials.
Change in Surface Potential for Hydrogen Permeation
The work function of metal is affected by the amount and the state of the adsorption molecules on the surface. In general, the work function decreases by the physical adsorption on the surface, and chemical adsorption causes the increase of work function. Thus, the surface potential increases for physical adsorption and decreases for chemical adsorption. Pasco et al. 13) measured the change in surface potential of iron foil by a typical hydrogen adsorption experiment. As the hydrogen pressure in the chamber increased, the fractional surface coverage of adsorption hydrogen increased and the surface potential decreased. Ranson and Ficalora 14) proposed the following dissociative surface reaction for negative surface potential change.
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The state of permeated hydrogen on the detective side is not clear in this study. However, the surface potential shown in this study decreases during galvanostatic polarization, suggesting that the permeation hydrogen chemically adsorbed on the surface. Fig. 9 . Change in surface potential distribution over time after the galvanostatic polarization was stopped. 
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Hydrogen penetration into the specimen was accelerated by galvanostatic polarization at − 20 A/m 2 . During the galvanostatic polarization, hydrogen evolution was observed only at the place where the bare mild steel is exposed, suggesting that hydrogen penetration occurs only at the exposed area. The surface potential distribution after the galvanostatic polarization was stopped is shown in Fig. 9 . Incidentally, these are shown by taking difference between the obtained surface potential data and the surface potential data before hydrogen charging. Negative surface potential is observed in almost the center of the specimen after 600 seconds. The location is nearly the same place as the exposed area of mild steel at the penetration side. The changed area of surface potential slightly expands with time, and the area is gradually reduced after 3 hours. It is well known that the release of hydrogen from steel materials is relatively quick in an atmosphere. Yamazaki et al. 15) investigated the effect of cadmium plating on hydrogen release. They showed a large amount of hydrogen was released from the specimen without cadmium plating immediately after hydrogen charging. According to the hydrogen release rate, it is suggested that most of the hydrogen penetrated to the specimen is released in about 6 hours after hydrogen charging. This result is well agreement with our result shown in Figs. 7 and 9.
Conclusion
The surface potential measurement was applied for the visualization of the hydrogen permeation behavior acceler-ated by galvanostatic polarization. The surface potential of detective side shifted to a noble direction during galvanostatic polarization. After stopping the hydrogen charge, the surface potential gradually moved to the original potential. The hydrogen diffusion coefficient obtained from the change in surface potential with time was well agreement with that shown in previous reports. In addition, the area of less noble potential in the surface potential distribution expanded over time. The change in the surface potential is well correspondent with the hydrogen release behavior from the steel materials exposed to atmosphere. It is concluded that the surface potential measurement can be a powerful tool for the visualization of the hydrogen permeation behavior.
